We evaluate global positioning system (GPS) surface velocities and gravitational potential energy (GPE) variations to assess the causes of right-lateral shear in the Centennial shear zone, a NE-trending accommodation zone between the extensional Centennial tectonic belt (Montana-Idaho) and volcanic terrain of the eastern Snake River Plain (Idaho). We test the hypothesized "bookshelf" faulting model and fi nd that the normal faults in the Centennial tectonic belt do not accommodate distributed dextral shear. Instead, GPS data reveal that rapid extension in the Centennial tectonic belt adjacent to the much more slowly deforming region of the Snake River Plain drives right-lateral shear between them at rates of 0.3-1.5 mm yr -1
INTRODUCTION
Previous studies (Chadwick et al., 2007; Holmes et al., 2008; Payne et al., 2008 Payne et al., , 2012 have documented the different strain rates between the volcanic province of the eastern Snake River Plain and the Basin and Range region to the northwest within the Centennial tectonic belt (Stickney and Bartholomew, 1987) in Idaho and Montana. Payne et al. (2012) evaluated 405 global positioning system (GPS) velocities in the northern Basin and Range Province to show that the Centennial tectonic belt is extending at a much faster rate (5.6 ± 0.7 × 10 -9 yr -1 ) than the Snake River Plain (-0.1 ± 0.4 × 10 -9 yr -1 , which is not discernible from zero). Deformation in the intervening Centennial shear zone was proposed by Payne et al. (2008 Payne et al. ( , 2012 to be a consequence of these different horizontal strain rates. This assertion is controversial since the boundary between the eastern Snake River Plain and Centennial tectonic belt, along which a shear zone is implied by GPS, lacks mapped strike-slip faults (e.g., Kuntz et al., 1994; Rodgers et al., 2002; Holmes et al., 2008) . The absence of discernible strike-slip offset in the geology at the termination of the normal faults has led to the hypothesis that extension by normal faulting in the Centennial tectonic belt and extension by dike intrusion in the eastern Snake River Plain occur at similar rates (Rodgers et al., 1990 (Rodgers et al., , 2002 Parsons et al., 1998) , an interpretation seemingly at odds with the new GPS results.
Using geological, geophysical, and seismological data, and the 1994-2010 GPS velocity fi eld presented in Payne et al. (2012) , we investigated the cause and effect of right-lateral shear (Fig. 1A) . Specifi cally, we assessed whether shear is a consequence of the different strain rates between the Centennial tectonic belt and eastern Snake River Plain or, alternatively, if rightlateral shear at its edges drives normal faulting (i.e., "bookshelf" faulting) over the entire Centennial tectonic belt. Different strain rates could derive from differences in gravitational potential energy (GPE), i.e., gravitational collapse at a higher rate in the higher topographic relief of the Centennial tectonic belt versus a lower rate within the relatively fl at region of the eastern Snake River Plain. In this case, shear would result from extension at a higher rate in the Centennial tectonic belt region than in the adjacent slowly deforming eastern Snake River Plain (e.g., Payne et al., 2012) . In the case of the bookshelf faulting hypothesis, normal faulting is driven by edge shear stress. That is, oblique-normal fault slip and clockwise rotation of the fault-bounded ranges within the Centennial tectonic belt are driven by, and accommodate, distributed right-lateral shear over the entire zone (e.g., McKenzie and Jackson, 1986) . If corroborated by the GPS data, bookshelf faulting would be consistent with the lack of geologic evidence for strike-slip boundary faults.
To explore these two hypotheses, we fi rst used block models constrained by GPS and earthquake data to fi nd a range of acceptable tectonic models. We build upon the approach of Payne et al. (2012) , who, through a series of rigorous tests, determined a preferred tectonic block model that fi ts the GPS and earthquake data in the northern Basin and Range Province. We modifi ed the preferred block model to evaluate the bookshelfstyle faulting model proposed by McKenzie and Jackson (1986) in the Centennial tectonic belt. Next, we calculated the GPE of the Centennial tectonic belt and eastern Snake River Plain using recently derived density models of DeNosaquo et al. (2009) differences in topography on GPE variations, we evaluated the GPE of the two regions using density models that either included or excluded a midcrustal sill and lower-crustal partial melt and underplated layers within the eastern Snake River Plain. Finally, we integrated the GPS and GPE results with geological, geophysical, and seismological data to assess the role of shear and propose boundaries and mechanisms of distributed shear within the Centennial shear zone. We present supporting observations from contemporary seismicity and offer possible examples of locations where shear may be accommodated along existing faults.
GEOLOGIC SETTING
We present a short discussion of geologic features and earthquake activity that have relevance to the kinematic interpretations of the GPS and discuss crustal compositions that affect density models used to estimate GPE variations. The study region includes the eastern Snake River Plain, Centennial tectonic belt, and the proposed Centennial shear zone located in the northern Basin and Range Province (Fig. 1) . The eastern Snake River Plain encompasses Late Tertiary silicic volcanic centers that represent the NE-trending track of the Yellowstone hotspot, which is currently located beneath the Yellowstone Plateau Morgan, 1992, 2009; Morgan and McIntosh, 2005) . Mafi c intrusions into the midcrust caused partial melting of crustal rocks, producing large-volume silicic eruptions from ca. 10 Ma to 4 Ma, which were later followed by basalt dike intrusions that have continued into the Holocene and are concentrated in NW-trending volcanic rift zones (Fig. 1B) (Kuntz et al., 1986 (Kuntz et al., , 1992 . The large infl ux of mafi c magma and eruptions have altered the Snake River Plain topography and crust, leaving behind a relatively fl at region underlain by a 10-16-km-thick mafi c sill at mid-to lower-crustal depths (10-30 km; e.g., Sparlin et al., 1982; Peng and Humphreys, 1998; Stachnik et al., 2008; Yuan et al., 2010) . DeNosaquo et al. (2009) employed gravity, seismic, thermal, rheological, and petrological data to model the density structure of the crust, which includes a zone of partial melt and thickened (or underplated) lower crust below the midcrustal sill. Conversely, seismic refraction indicates that the crust beneath the Centennial tectonic belt is unaltered by hotspot volcanism. Upper-and lower-crustal compression-wave velocities (Sheriff and Stickney, 1984; Stickney, 1997) are consistent with those determined by DeNosaquo et al. (2009) for the Basin and Range regions north and south of the eastern Snake River Plain.
The Basin and Range region northwest of the eastern Snake River Plain is characterized by prominent Quaternary normal faults, short NE-trending normal faults, and higher seismic activity. It includes two zones of normal faulting: (1) the Centennial tectonic belt, a zone of Holocene faulting with mountain ranges >0.7 km high and high seismicity (Stickney and Bartholomew, 1987) ; and (2) Faulting Belt III of Pierce and Morgan (1992; 2009 ), a zone of major late Pleistocene (<130 ka) faulting with mountain ranges <0.5 km high and low seismicity. For simplicity, we refer to the entire region as the Centennial tectonic belt and note that the proposed Centennial shear zone is located along the southeast boundary of the Centennial tectonic belt adjacent to the eastern Snake River Plain (Fig. 1) .
The Centennial tectonic belt includes three ~150-km-long, NW-trending normal faults (Lost River, Lemhi, and Beaverhead; Fig. 1B ) that have southwest dips and over 2 km of relief along their ranges. Extension across these three faults may have begun ca. 16 Ma based on interpretations of typical half-graben basin fi ll and the age of intercalated volcanic ash at the southern end of the Lemhi fault (Rodgers et al., 2002) . Recent faulting is evidenced by the 1983 moment magnitude (M) 6.9 Borah Peak, Idaho, earthquake, which ruptured the central segment of the Lost River fault with oblique normal slip that included a 17% sinistral component (Crone et al., 1987) . At the southern ends of the three normal faults and within the proposed Centennial shear zone, bedrock structural features inferred from gravity and seismic-refl ection data suggest that signifi cant fault offsets do not extend into the eastern Snake River Plain (Mabey, 1978; Jackson et al., 2006) . However, short and generally left-stepping, en echelon, NWtrending normal faults and monoclinal fl exures expressed in 400-730 ka basalt fl ows within the eastern Snake River Plain may be interpreted as slip on the Lost River fault (Kuntz et al., 1994 (Kuntz et al., , 2002 . Alternatively, Smith et al. (1996) associated the short normal faults, monoclines, fi ssures, and nearby volcanic vents collectively as deformation produced from intruding dikes in the Arco volcanic rift zone (blue box labeled "LF" in Fig. 1B) . Farther northeast and in southwest Montana, there are two notable normal faults within the proposed Centennial shear zone: the E-trending, N-dipping Centennial and NW-trending, SW-dipping Lima Reservoir faults (Fig. 1B) . Scarp analyses of the Centennial fault indicate that it formed by a series of NW-trending, left-stepping, en echelon faults compatible with distributed dextral shear, which gives the appearance of an overall eastward trend (Petrik, 2008) . The eastern end of the Lima Reservoir fault overlaps with the western end of the Centennial fault, forming two oppositely dipping normal faults interpreted to accommodate right-lateral transtension (Majerowicz et al., 2007; Majerowicz, 2008; Anastasio et al., 2010) . Mid-Pleistocene to Holocene slip is evident along segments of the Lima Reservoir and Centennial normal faults (Bartholomew et al., 2002; Majerowicz, 2008; Petrik, 2008; Anastasio et al., 2010) , and slip along the Centennial fault may have initiated at 2 Ma (Petrik, 2008) .
The decrease in peak elevation of mountain ranges within the Centennial tectonic belt toward the eastern Snake River Plain is interpreted to refl ect downwarping due to subsidence of the eastern Snake River Plain (e.g., Kirkham, 1931; Suppe et al., 1975; McQuarrie and Rodgers, 1998; Rodgers et al., 2002) . McQuarrie and Rodgers (1998) interpreted NEtrending normal faults to represent extension perpendicular to the Snake River Plain due to crustal fl exure resulting from subsidence of the Snake River Plain. The majority of these short NE-trending normal faults (green lines in Fig. 1B ) are within the proposed Centennial shear zone (e.g., Zentner, 1989; Janecke, 1992; Rodgers et al., 2002) . Additionally, geophysical investigations reveal subsurface normal faults (presumably NE-trending) at three locations along the NE-trending physiographic boundary (red lines in Fig. 1B ) of the eastern Snake River Plain (Sparlin et al., 1982; Pankratz and Ackerman, 1982; Stanley, 1982; Elbring, 1984; Young and Lucas, 1988) .
The Centennial tectonic belt has higher seismic activity than the eastern Snake River Plain (Fig. 1B) . In the Centennial tectonic belt, earthquakes along the NW-trending faults have normal fault plane solutions with NW-oriented nodal planes (Richins et al., 1987; Herrmann et al., 2011) . Included among the normal fault events are those for the 1983 M 6.9 Borah Peak main shock and aftershocks along the Lost River fault. Farther northeast, near the Lima Reservoir and Centennial faults and within the proposed Centennial shear zone, fault plane solutions are mixed, with a variety of oblique normal slip, strike slip, and even oblique reverse slip (Stickney, 1997 (Stickney, , 2007 . Evaluation of focal depths and N-dipping nodal planes suggest that only eight events (M < 4.4) may be associated with slip on the Centennial normal fault (Stickney, 2007) . The majority of the fault plane solutions (M < 4.6) are strike slip and have right-lateral motion along NE-trending nodal planes. They are located within a NE-trending zone of seismicity that is oblique to the E trend of the Centennial fault (Fig. 1B) .
METHODS AND RESULTS

GPS Data
We used the 1994-2010 GPS-derived surface velocity fi eld presented in Payne et al. (2012) that consists of 405 continuous and survey-mode www.gsapubs.org | Volume 5 | Number 4 | LITHOSPHERE GPS sites (Fig. 1A) , which includes new sites in eastern Oregon, Idaho, western Wyoming, and southwestern Montana. The velocities were determined relative to the stable North American reference frame (SNARF) using the methods discussed in Payne et al. (2012) (also see GSA Data Repository 1 ). Figure 1A shows that the 1994-2010 velocity fi eld has gradients that could result from components of rotation or strain or both. Changes in magnitudes of the velocities are clearly visible in the Centennial tectonic belt, whereas more uniform velocities are observed in the eastern Snake River Plain. Additionally, gradients due to regional-scale clockwise rotation are evident over much of the northern Basin and Range Province, including the Centennial tectonic belt and eastern Snake River Plain. In the subsequent interpretations, we exclude those horizontal GPS velocities for which both components have one-sigma uncertainties greater than 0.8 mm yr -1 .
Kinematic Interpretations of GPS
To interpret the velocity fi eld, we applied the block-model inverse approach in TDEFNODE (McCaffrey, 2009) , which allows us to test mechanisms of deformation using either discrete boundaries or continuous deformation. We inverted GPS velocities and earthquake slip vectors to solve simultaneously for the angular velocities of blocks and uniform, horizontal strain rate tensors within selected blocks. The best fi t to the data was found by downhill simplex minimization (Press et al., 1989) , an optimization algorithm that minimizes the reduced chi-squared (χ η 2 ) of the misfi t to the weighted data. We compared the statistical signifi cance between two models using the χ η 2 and degrees-of-freedom in F-distribution tests. This approach was used by Payne et al. (2012) to determine a preferred block model (ctb9) for the Centennial tectonic belt and Snake River Plain as part of their entire model encompassing the northern Basin and Range Province. Model ctb9 was determined from a series of tests in which boundaries were systematically added to separate blocks representing tectonic provinces until no statistically signifi cant improvement to the data fi t was found. The boundaries were selected based on knowledge of geology, seismicity, volcanism, active tectonic faults, and regions with observed differences in surface velocities. For those tests, a maximum confi dence level of ≥99% indicated one model with added boundaries had a better fi t to the data over a second model (Stein and Gordon, 1984) . Variations of model ctb9 were also used by Payne et al. (2012) to test for the presence of dike-opening (i.e., extension) in the Snake River Plain and postseismic relaxation following recent earthquakes. In this study, we altered the preferred model ctb9 of Payne et al. (2012) to set up model csz9, which has a block model confi guration that then permitted us to test kinematic models of shear.
Model csz9 and the preferred model of Payne et al. (2012) are tests of whether or not shear between the eastern Snake River Plain and Centennial tectonic belt is the result of different strain rates within them. Model csz9 has nine blocks representing eastern Washington (EWas), eastern Oregon (EOre), Idaho-Wyoming border (IdWy), Great Basin (GrBn), southwest Montana (SwMT), eastern Montana (EMnt), Idaho batholith (IBat), Centennial tectonic belt (CTBt), and the Snake River Plain combined with the Owyhee-Oregon Plateau (SRPn). Model csz9 differs from Payne et al. (2012) ; we separate the CTBt block from the SwMT and EMnt blocks and combine the SwMT and EWas blocks together, creating boundaries along the NW and SE sides of the CTBt block ( Fig. 2A) . Strain rates were estimated for the Centennial tectonic belt, Snake River Plain-Owyhee-Oregon Plateau, and Great Basin. We found that model csz9 has a χ η 2 = 1.18 (Table 1 ) and estimated strain rates (positive values for extension) of 6.6 ± 0.9 × 10 -9 yr -1 for the CTBt block and -0.1 ± 1.1 × 10 -9 yr -1 for the SRPn block; the latter is not distinguishable from zero ( Fig. 2A) . Model csz9 has a similar fi t to the data as the preferred model of Payne et al. (2012) (see block models in GSA Data Repository for details and comparisons [see footnote 1]). Model csz9 also predicts right-lateral strike-slip motions that vary from 0.3 mm yr -1 to 1.5 mm yr -1 along the NE-trending boundary between the CTBt and SRPn blocks near the Lost River and Centennial faults, respectively.
To test for bookshelf faulting, we employed a model mimicking distributed deformation by oblique faulting and rotating blocks presented by McKenzie and Jackson (1986) , which they suggested accommodates right-lateral shear between the eastern Snake River Plain and the Centennial tectonic belt. They interpreted changes in direction from E-oriented extension of the Intermountain seismic belt to NE-oriented extension in the Centennial tectonic belt to involve a component of right-lateral strike slip. Their two-dimensional model has a system of small blocks bounded by parallel, equally spaced normal faults that take up deformation within a deforming zone between two bounding plates in relative motion (McKenzie and Jackson, 1983) . Only movement normal to the bounding plates can produce a change in surface area, and so line A-B (Fig. 3A ) must remain a constant length and parallel to the strike of the zone boundaries. As shown in Figure 3A , a component of strike-slip motion (dextral) across the deforming zone leads to clockwise rotation (semicircular red arrows) of the ranges and to a component of strike-slip motion (red arrow pairs) in the opposite sense (sinistral) on the block-bounding normal faults.
With this model concept in mind, we performed and compared four tests of the bookshelf-faulting model using variations of block model csz9. In our fi rst test (model cz91), we restricted right-lateral strike-slip motion to be low (≤0.2 mm yr -1 ) along the NW and SE sides of the CTBt block (Fig. 2B ). Limiting slip rates along the NW and SE sides, to comply with geologic constraints, allows right-lateral shear to be taken up by distributed deformation within the deforming zone of the CTBt block (i.e., oblique normal slip on normal faults within the block). Model cz91 (Fig.  2B) shows that by limiting strike-slip rates along the NW and SE sides of the CTBt block, a larger component of contraction is predicted at an azimuth of 120° with a strain rate of -6.3 ± 1.2 × 10 -9 yr -1 (Fig. 2B) , rather than extension as in model csz9. Model cz91 also has a degraded fi t to the GPS and earthquake data (χ η 2 = 1.30), and we reject it as a viable alternative model at the 90% probability (Table 2 ) when compared to model csz9 (χ η 2 = 1.18). In the fi nal three tests using different ranges of rotation rates, we assessed whether or not the mountain ranges bounded by three NW-trending normal faults (Lost River, Lemhi, and Beaverhead faults) in the Centennial tectonic belt rotate at suffi ciently fast rates to accommodate distributed shear over the entire zone (Fig. 3A) . For these three block model confi gurations, we added block boundaries along the three NW-trending normal faults, which allowed us to constrain the rotations of the four intervening blocks (BoPk-Borah Peak, Lemh-Lemhi, LsRv -Lost River, and WMnt-western Montana; Fig. 2C ) to be clockwise and to assess the sense of slip along the faults. The rotation rates in model cz55 match the velocity gradient across the entire Centennial tectonic belt, and, in models cz52 and cz56, two different ranges of rotation rates are based on paleomagnetic data. In model cz55, we allowed the four blocks to rotate between -0.50° and -0.55° m.y.
-1 (clockwise rotation, as seen from Table 1 Table 1 ) and predicts left-lateral oblique reverse slip rather than the observed oblique normal slip along the blockbounding faults (e.g., Lost River fault in Fig. 2C ). Hence, we reject this model at >99% probability (Table 2 ) when compared to model csz9 (χ η 2 = 1.18). In model cz52, we based rotation rates on Janecke et al. (1991) , who reported paleomagnetic data for clockwise rotation at sites in middle Eocene volcanic rocks (47.7-49.3 Ma) within the southern Lost River and Lemhi mountain ranges. We used their data to estimate an average clockwise rotation of -10.3°, which corresponds to an average rotation rate of -0.21° m.y.
-1 over the past ~48 m.y. We also noted that west of the Lost River fault, a clockwise rotation of -24° ± 5.7° was measured in rocks estimated to be 51.1-65.3 Ma in age, which results in a range of potential rotation rates from -0.29° to -0.59° m.y.
-1 , respectively (Latta, 2000; Anastasio et al., 2011) . The faster rotation rate was already tested in model cz55 (Fig. 2C) . Using lower rotation rates between -0.20° and -0.25° m.y.
-1 in model cz52, we again found a poor fi t to the data (χ η 2 = 1.61; Table 1 ) and rejected it at >99% probability (Table 2 ) when compared to model csz9 (χ η 2 = 1.18; Fig. DR6 and GSA Data Repository [see footnote 1]). If instead, we assumed that Basin and Range faulting began ca. 16 Ma (Rodgers et al., 2002) , then the average paleomagnetic clockwise rotation rate is -0.64° m.y.
-1 for the average clockwise rotation of -10.3° (based on Janecke et al., 1991) . Constraining local clockwise rotation of each block to be within -0.60° to -0.65° m.y. Table 1 ) and rejected it at >99% probability ( Table 2 ). The results of these three tests show that the GPS and earthquake data do not at present support rapid rotation of the ranges within the Centennial tectonic belt.
We also evaluated the observed GPS velocities for the specifi c application of the model presented by McKenzie and Jackson (1986) . According to the bookshelf model, slip on the faults should be perpendicular to the bounding shear zone. The slip vector azimuth for the fault plane solution of the 1983 M 6.9 Borah Peak, Idaho, earthquake is 204° (Richins et al., 1987) , which orients the strike azimuth at 114° for the bounding plates and line A-B across the normal faults (Fig. 3A) . We projected components of the observed velocities parallel to the azimuth of 114° (Fig. 2D) and used a weighted least-squares linear regression to calculate the strain rate (Table DR1 and GSA Data Repository [see footnote 1]). The resulting extensional strain rate of 4.4 ± 2.7 × 10 -9 yr -1 (Fig. 3B) (1983) model, which predicts no change in length along line A-B (Fig. 3A) . From the four model tests and observed velocities, we conclude that modernday GPS and earthquake data do not support a bookshelf style of faulting of the Centennial tectonic belt. Model csz9, with shear along the boundaries of the Centennial tectonic belt, fi ts the data better and indicates that right-lateral shear along the NE-trending boundary results from different strain rates in the Centennial tectonic belt and eastern Snake River Plain.
Gravitation Potential Energy Calculations
Since we concluded that normal faulting in the Centennial tectonic belt is not driven by shear stress at its boundaries, we explored whether lateral GPE variations might drive shear. To this end, we calculated and compared the GPE values for the Centennial tectonic belt and eastern Snake River Plain. We calculated GPE as the downward force per unit area exerted by a column of rock given by (Stüwe, 2002) :
The rock density is expressed by ρ, the acceleration of gravity by g, depth below the surface by z, and the elevation above the surface defi ned at 0 by h. For all rock columns, the integration is performed to a depth of 50 km, below which there are no lateral density differences between the density models (Table 3) . We used the ETOPO5 topographic data to assign elevations on a grid using a spacing of 0.2° for the region shown in Figure 4 , and we used the same elevation grid for all density models listed in Table 3 . GPE values were calculated at each grid point using the density column below the point and then smoothed using a moving-window low-pass fi lter to evaluate longer-wavelength features (fi ltering was applied to the GPE values to smooth the density models). We then calculated horizontal GPE gradients using the smoothed GPE values (see Figs. DR9-DR12 and GSA Data Repository [see footnote 1]). We adopted distinct density models for the eastern Snake River Plain (SRP), Yellowstone Plateau (YST), the Basin and Range region southeast of the Snake River Plain (SBR), and Centennial tectonic belt (CTB) ( Table  3) . We included density models for the Yellowstone Plateau and southeast Basin and Range to allow calculations along the boundaries of the eastern Snake River Plain (Fig. 4) . The density models and their regional boundaries are based on the recent modeling results of DeNosaquo et al. (2009) . They suggest that crustal structures for the eastern Snake River Plain and Yellowstone Plateau (at Island Park; IP in Fig. 1B ) include a midcrustal mafi c sill with varying thickness and a 3-km-thick basal crustal underplated layer overlain by a 2-km-thick mafi c partial melt at the base of the crust (42 km). In our "original" set of density models (Table 3) , we assumed that the sill below the eastern Snake River Plain has a constant thickness of 10 km starting at a depth of 10 km and assigned it a density of 2900 kg m -3 as per DeNosaquo et al. (2009) . For the transitional sill in the YST density model (Table 3) , we assumed a constant thickness of 6 km starting at a depth of 13 km and assigned it a density of 2820 kg m -3 as per DeNosaquo et al. (2009) . In both the SRP and YST density models, the partial melt and underplated layers were assigned densities of 2850 and 3200 kg m , respectively, and a total crustal thickness of 38 km (Table 3) (Table 3) are based on Sheriff and Stickney (1984) and Stickney (1997) .
To assess the impacts on GPE of differences in topography and density models of the eastern Snake River Plain and Centennial tectonic belt, we calculated the GPE for three different sets of density models, "underplated only," "sill only," and "original" (Table 3) . We recognize that the Centennial tectonic belt has relatively higher topographic relief than the eastern Snake River Plain, but the eastern Snake River Plain has a high-density midcrustal sill and a thickened crust with possible low-density layers (par- Note: χ η 2 -reduced chi-square; DOF-degrees of freedom; P-probability that misfi t variances are from different distributions.
www.gsapubs.org | Volume 5 | Number 4 | LITHOSPHERE tial melt and underplated) not observed beneath the Centennial tectonic belt. To isolate impacts of each of these crustal perturbations to GPE estimates, we modifi ed the SRP and YST "original" density models. The "underplated only" SRP and YST density models included the original densities for the underplated layers, the 42-km-thick crusts, and sill layer densities changed to 2670 kg m -3 , which match the upper-crustal densities of the CTB model. The "sill only" SRP and YST density models included the original densities of the sill layers, and, to match the CTB density model, densities of the lower-crustal layers were changed to 3000 kg m -3 and the total crustal thicknesses were set to 39 km. We did not change the CTB and SBR density models (Table 3) . Results for the "underplated only" set of density models show lateral GPE variations primarily due to differences in topography. Figure 4A shows that the Centennial tectonic belt has generally higher GPE than the eastern Snake River Plain due to Table 3 . Gravitational potential energy variations and gradients were calculated using ETOPO5 topographic data set for 0.2° grid and density models listed in Table 3 (see text for Extension-driven right-lateral shear in the Centennial shear zone | RESEARCH higher topography, and the eastern Snake River Plain has more uniform, lower GPE due to generally lower-lying and fl at topography (Fig. 1A) . Moreover, GPE gradients in Figure 4A indicate a tendency for gravitational collapse of topography toward (or into) the eastern Snake River Plain. Alternatively in Figure 4B , use of the "sill only" density models shows that higher GPE in the eastern Snake River Plain is primarily due to the high-density sill layer, which is not present in the Centennial tectonic belt. Also, the sill layer extends beyond the southeast physiographic boundary of the eastern Snake River Plain (DeNosaquo et al., 2009) , and thus, the higher relief coupled with the high-density sill layer result in even greater GPE in this region (Fig. 4B) . The GPE gradients in Figure  4B are higher in the Centennial tectonic belt, showing the effects of larger differences in topography. Finally, in Figure 4C , use of the "original" density models shows that elevated GPE values due to the sill layer in the eastern Snake River Plain are somewhat similar to or less than the GPE in the Centennial tectonic belt, but the GPE gradients are higher in the Centennial tectonic belt than in the eastern Snake River Plain. Overall, Figure 4 shows that the Centennial tectonic belt has higher GPE values due to higher topography and a greater tendency for gravitational collapse of topography and that elevated GPE values in the low-lying Snake River Plain are due to the midcrustal sill layer (Figs. 4B and 4C) . Comparisons of the GPE and gradients suggest that without the elevated GPE due to the midcrustal sill layer (Figs. 4B and 4C ), gravitational collapse might occur into the eastern Snake River Plain (Fig. 4A ).
DISCUSSION
Results of our GPS analyses indicate that right-lateral shear along the NW margin of the eastern Snake River Plain results from different strain rates in the eastern Snake River Plain and Centennial tectonic belt. GPE variations may in part explain the differences in strain rates since our results show higher GPE variations and a greater tendency for gravitational collapse in the Centennial tectonic belt as opposed to the lower GPE variations in the eastern Snake River Plain. We integrated our modeling results with geological, geophysical, and seismological data to: (1) interpret that extension in the Centennial tectonic belt drives right-lateral shear; (2) propose boundaries for and suggest mechanisms of deformation within the Centennial shear zone; and (3) offer examples of locations where right-lateral shear may be accommodated within the Centennial shear zone.
Extension-Driven Shear
Results of our kinematic GPS analyses suggest that right-lateral shear along the NE-trending boundary results from different strain rates in the Centennial tectonic belt (6.6 ± 0.9 × 10 -9 yr -1
) and eastern Snake River Plain (-0.1 ± 1.1 × 10 -9 yr -1 , which is effectively zero; Fig. 2A ). Based on kinematic modeling of GPS and paleomagnetic data, bookshelf faulting, in which right-lateral shear along the NW boundary of the eastern Snake River Plain drives normal faulting over the entire Centennial tectonic belt, is not a viable model. The contrasting strain rates may be caused by differences in internal differential stress acting upon the Snake River Plain and the Centennial tectonic belt, or differences in lithospheric strength, or both. Differential stress variations could result from differences in GPE variations within these regions. Humphreys and Coblentz (2007) proposed that GPE-derived stress contributes to driving extensional orogenic collapse in the western United States. Our results in Figure 4 show that GPE variations could drive gravitational collapse at a higher rate in the higher topographic relief in the Centennial tectonic belt outside of the eastern Snake River Plain. Alternatively, the eastern Snake River Plain has more uniform, lower GPE variations due to its relatively fl at topography and higher-density crustal composition from the mafi c sill layer. We suggest that the low GPE variations in the eastern Snake River Plain may in part explain its lower rate of deformation relative to the surrounding Basin and Range. Also from Figure 4C , we propose that the dense mafi c sill increases GPE in the eastern Snake River Plain and offsets the greater GPE of the Centennial tectonic belt due to its higher topography, thus preventing gravitational collapse into the eastern Snake River Plain (Fig. 4A) . We observe that the GPS velocities show no extension of the Centennial tectonic belt toward the eastern Snake River Plain (Fig. 2A) .
To see the differences more clearly in the GPS observations, we rotated the velocities into a "Snake River Plain" frame of reference using the angular velocity of the SRPn block from model csz9. Divergent velocities within the Centennial tectonic belt indicate extension at a much higher rate than in the eastern Snake River Plain (Fig. 5A) . Relative to the slowly deforming eastern Snake River Plain region, the Centennial C e n te n n ia l T e ct o n ic B e lt Sn ak e R iv e r P la in www.gsapubs.org | Volume 5 | Number 4 | LITHOSPHERE tectonic belt is rapidly extending to the northeast, which we suggest is due to gravitational collapse, and we further suggest that this extension drives right-lateral shear (Fig. 5B) .
Shear Accommodation in the Centennial Shear Zone
We suggest that the differential motion between the Centennial tectonic belt and eastern Snake River Plain is likely distributed across the Centennial shear zone rather than concentrated along any discrete fault. Model csz9 predicts rates of right-lateral strike-slip motions that vary from 0.3 mm yr -1 near the southeast end of the Lost River fault to 1.5 mm yr -1 near Centennial fault ( Fig. 2A) . In the block model, we represent this NE-trending slipping boundary as a localized discrete fault, but we understand that the NW boundary of the eastern Snake River Plain lacks recognizable strike-slip faults (e.g., Kuntz et al., 1994; Rodgers et al., 2002; Holmes et al., 2008) . In Figure 6 , we show four NW-SE profi les with components of the velocities perpendicular to the direction of the profi les encompassing the Centennial tectonic belt and eastern Snake River Plain (0-350 km). The observed velocities in all four profi les exhibit negative slopes that indicate either clockwise rotation or rightlateral shear or both. From their evaluation of the observed velocities, Payne et al. (2012) estimated regional-scale rotation rates for the Centennial tectonic belt (-0.23° m.y.
-1
) and Snake River Plain-Owyhee-Oregon Plateau region (-0.30° m.y.
-1 ) (see their fi g. 10), which are interpreted as part of the larger-scale rotation rates over the Pacifi c Northwest (McCaffrey et al., 2007 (McCaffrey et al., , 2013 . For each profi le in Figure 6 , we plotted two lines with negative slopes equivalent to rotation rates of -0.23° and -0.30° m.y.
-1 and aligned each slope with the velocities in their respective tectonic provinces. Profi les across the Centennial fault (Fig. 6A ) and along the Beaverhead fault (Fig. 6B) show that between the expected gradients in the velocity fi eld for the two rotation rates, there are additional downward steps in the observed velocities, which we interpret as narrower bands of right-lateral shear (35 and 40 km wide, respectively). The profi le along the Lost River fault shows a smaller downward step that could be 45 or 80 km wide, depending on whether or not we include the velocity at the 212 km distance (Fig. 6C) . The profi le along the Sawtooth fault does not show an obvious step, and we do not see a zone of right-lateral shear (Fig. 6D) . We interpolated between the narrow bands of right-lateral shear shown by the blue shaded regions of the profi les in Figure 6 to defi ne the boundaries of the Centennial shear zone. We suggest that the zone spans a NE-trending, 40-45-km-wide zone along NW boundary of the eastern Snake River Plain from the Centennial to the Beaverhead fault and that it may widen to 80 km near the Lost River fault, but that it is not well defi ned near the Sawtooth fault, if present at all (Fig. 2D) .
The distributed differential motion across the Centennial shear zone could have components of deformation due to regional-scale rotation, strike-slip faulting, and distributed simple shear or some combination of these. The velocity (or downward) steps in the profi les that defi ne the Centennial shear zone include a component of regional-scale rotation along with deformation that may be observed as strike-slip faulting along E-and NE-trending faults or left-lateral oblique slip along NW-trending faults for bookshelf faulting on a very local scale within the Centennial shear zone (i.e., distributed simple shear). As an example only for the Beaverhead fault profi le shown in Figure 6B , we illustrate how the Centennial shear zone could accommodate a combination of rotation and faulting by using the brown dashed line labeled "DZ" through the observed velocities. The vertical steps of the line DZ would be the locations where right-lateral shear is accommodated by strike-slip motion on discrete NE-trending faults (blue box in Fig. 2D ). Line DZ decreases in slope from the NW to the SE to match up with the two regional-scale rotation rates of -0.23° and -0.30 ° m.y. , respectively (Fig. 6B) . We offer some geologic examples of where and how distributed strikeslip and simple shear deformation could occur within the Centennial shear zone. The NE-trending normal faults in the mountain ranges adjacent to the three NW-trending normal faults (e.g., Zentner, 1989; Janecke, 1992; Rodgers et al., 2002) are observed within the Centennial shear zone (green lines in Fig. 1B) . While not necessarily optimally aligned, we suggest that these NE-trending normal faults and others nearby could be locations where right-lateral strike slip is accommodated. Also along the Snake River Plain's physiographic boundary, the presumably NE-trending normal faults identifi ed in the subsurface (Sparlin et al., 1982; Pankratz and Ackerman, 1982; Stanley, 1982) could accommodate right-lateral strike-slip motion (red lines in Fig. 1B) . Bedrock structural features suggest that signifi cant seismogenic fault movements do not extend into the eastern Snake River Plain and that perhaps the three normal faults (Lost River, Lemhi, and Beaverhead) terminate here. Near the southern end of the Lemhi fault, Bruhn et al. (1992) interpreted NE-striking cross faults associated with an asymmetrical NE-trending graben in the footwall of the Lemhi fault (blue box labeled LG in Fig. 1B ) to accommodate differential motion over the past 4 m.y. between the Lemhi range and eastern Snake River Plain. Our GPS-derived strain rate estimates are consistent with the inference of Bruhn et al. (1992) and support the idea that slip on cross faults along the NW edge of the of the eastern Snake River Plain accommodates different rates of deformation between the Centennial tectonic belt and eastern Snake River Plain. Finally, right-lateral shear may be accommodated at the southern ends of NW-trending Centennial tectonic belt normal faults where they may project beneath the basalt cover of the eastern Snake River Plain (box labeled LF in Fig. 1B) . The short, NWtrending normal faults and monoclinal fl exures within basalt fl ows have a generally left-stepping, en echelon pattern in a NE direction from the projection of the southern end of the Lost River fault into the eastern Snake River Plain (Kuntz et al., 1994) . Monoclines in the basalt fl ows may be surface expressions of subsurface normal faults that have not breached the surface and are caused by fl exure of the surface above upward-propagating fault tips (Grant and Kattenhorn, 2004) . If tectonic in origin, the NWtrending normal faults are optimally aligned to accommodate right-lateral shear through components of left-lateral oblique slip (e.g., Clifton et al., 2000) , which could indicate localized bookshelf faulting confi ned within the Centennial shear zone at this location (box labeled LF in Fig. 1B) . Due to the low strain rate within the eastern Snake River Plain ( Fig. 2A) , the slip rates on these features would be much lower than slip rates of Lost River fault segments to the NW in the Centennial tectonic belt.
The highest rates of right-lateral strike-slip motions predicted from model csz9 are located near the Lima Reservoir and Centennial faults, which provide supporting geologic and seismological evidence of rightlateral shear (Fig. 7) . The series of NW-trending, left-stepping, en echelon segments of the Centennial fault have ruptures as recent as mid-to late Pleistocene and are consistent with distributed dextral displacements during fault linkage (Petrik, 2008) . The Lima Reservoir fault overlaps with the western end of the Centennial fault and also includes left-stepping segments thought to be consistent with accommodation of right-lateral shear (Majerowicz et al., 2007; Majerowicz, 2008; Anastasio et al., 2010) . The Lima Reservoir fault has mid-Pleistocene to Holocene slip along its segments (Bartholomew et al., 2002; Anastasio et al., 2010) . Also near these two faults, fault plane solutions within a NE-trending zone of seismicity are observed with strike-slip components of motion consistent with right-lateral shear (Fig. 7) (Stickney, 1997 (Stickney, , 2007 . Here, strike-slip earthquakes may occur on NE-trending faults parallel to our proposed boundary between the eastern Snake River Plain and Centennial shear zone ( Fig. 2A) . These observations extend the Centennial shear zone farther east beyond the Centennial fault profi le (Fig. 6A ) to include the NE-trending zone of seismicity and eastern end of the Centennial fault (Figs. 1B and 3D) .
One possible explanation for the existence of the Centennial shear zone is that it serves as a transition zone necessary to accommodate right-lateral shear between the rapid extension in the Centennial tectonic belt and the slowly deforming eastern Snake River Plain. The GPS data indicate that at present there are differences in strain rates between these two regions, resulting in right-lateral shear. Slip along the Lima Reservoir and Centennial normal faults suggests that accommodation of right-lateral shear may have occurred over a longer period of time, perhaps since the mid-Pleistocene (Bartholomew et al., 2002; Anastasio et al., 2010) and possibly since 2 Ma, when slip initiated on the Centennial fault (Petrik, 2008) .
CONCLUSIONS
From GPS and earthquake data, we conclude that boundary shear stress does not drive normal faulting across the entire Centennial tectonic belt. Our data indicate that oblique slip produced during the 1983 M 6.9 Borah Peak, Idaho, earthquake was not due to bookshelf style faulting as suggested by the model of Jackson (1983, 1986) . Paleomagnetic and GPS data also do not reveal rates high enough for clockwise rotation of the Lost River, Lemhi, and Beaverhead ranges to support the bookshelf model. Conversely, our results indicate that rapid extension due to gravitational collapse within the Centennial tectonic belt (6.6 ± 0.9 × 10 -9 yr -1 ) juxtaposed against the low-deforming eastern Snake River Plain (-0.1 ± 1.1 × 10 -9 yr -1
, not resolvable from zero) drives right-lateral shear between the two regions. GPE calculations suggest the presence of higher variations within the Centennial tectonic belt due to higher topography and more uniform and smaller GPE variations within the eastern Snake River Plain due to fl at topography and a denser crustal composition. The low GPE variations in the eastern Snake River Plain may in part explain its lower rate of deformation. Our GPE results also suggest that the dense mafi c sill elevates GPE values in the eastern Snake River Plain, making them similar to the GPE values in the Centennial tectonic belt, which prevents gravitational collapse of the Centennial tectonic belt into the eastern Snake River Plain.
We suggest that the Centennial shear zone spans a NE-trending, 40-45-km-wide zone along the NW boundary of the eastern Snake River Plain from the Centennial fault to the Beaverhead fault, and it may then widen to 80 km near the Lost River fault. Within the zone of shear, the GPS data support the interpretation that differential motion is distributed and may refl ect components of deformation due to strike-slip faulting, dis-www.gsapubs.org | Volume 5 | Number 4 | LITHOSPHERE tributed simple shear, regional-scale rotation, or some combination of these. We propose that right-lateral strike slip may be accommodated along existing mapped NE-trending normal faults within the Centennial shear zone and possible subsurface faults interpreted in geophysical data along the NW physiographic boundary of the eastern Snake River Plain. Moreover, we suggest that the southernmost ends of NW-trending Centennial tectonic belt faults at their juncture with the eastern Snake River Plain could also accommodate right-lateral shear through components of left-lateral oblique slip as localized bookshelf faulting. Finally, where the GPS data indicate the largest rates of right-lateral strike-slip motions near the Centennial fault, we observe focal mechanisms with strike-slip components of motion consistent with right-lateral shear within a NE-trending zone of seismicity. Slip on the Lima Reservoir and Centennial normal faults also suggests accommodation of right-lateral shear during the Holocene and mid-to late Pleistocene. 
